In the Western Baltic Sea two genetically distinct cod stocks "Eastern Baltic cod" and "Western Baltic cod" occur with considerable mixing of stocks. In this study we evaluated the applicability of otolith shape analysis for classification of individuals caught in the mixed stock cod fishery, using SNP (Single nucleotide polymorphism) based genetic assignment of otolith shape baselines. We further developed a management aimed approach for mixed stock assignment by robust stochastic baseline selection and posterior bias correction by individual reassignment of the least likely classifications into the alternate stock. Classification criteria selected by Monte Carlo runs of Linear Discriminant Analysis were captured by otolith area and 20 Elliptic Fourier Descriptors of primarily low frequency harmonics. Classification success was considerably lower when using a baseline of spawning individuals only, compared to the better spatial coverage of a combined baseline also including genotyped individuals from the mixed stock area. Furthermore, the inclusion of genotyped individuals balanced the baseline size composition and to a large extent removed a strong size related bias in classification success. These results demonstrate the interplay of environmental, ontogenetic
Introduction
The stock concept is one of the most fundamental in fishery management. With the development of new analytical methods, an ever increasing number of studies have documented the existence of biocomplexity (Ruzzante et al. 2006) with discrete populations within areas previously considered, and managed, as representing a single stock. Mechanical mixing of populations, with limited interbreeding, may result from an overlap in distribution range (Edmonds et al., 1989) , for example due to seasonal spawning/feeding migrations (Johnson et al., 1994; Campana et al., 1999 Campana et al., , 2000 Campana et al., and 2007 Ruzzante et al., 2006) . Failure to take stock mixing into account in fisheries management, particularly when the stocks differ in productivity, may lead to sub-optimal exploitation and ultimately over-fishing of some stock components (Begg et al., 1999; Heath et al. 2013) . Therefore, efficient stock discrimination methods are needed.
A suite of analytical techniques have been used for stock discrimination, ranging from morphometrics (Elliott et al., 1995) and parasite loading (Braicovich and Timi, 2008) over conventional tagging (Lear, 1984) , otolith microstructure analysis (Mosegaard and Madsen, 1996) and otolith microchemistry (Campana et al., 2000 (Campana et al., , 2007 to molecular tools (Johnson et al., 1994; Ruzzante et al., 1999 Ruzzante et al., , 2006 Nielsen et al., 2012) and otolith shape analyses (Campana and Cassleman, 1993) . Owing to the higher expenses associated with molecular tools, in combination with the availability of otolith samples from extensive historical archives in fisheries research institutes, otolith shape analysis has recently gained interest among fisheries biologists. Otolith shape is known to depend on a combination of genetic and environmental factors (Cardinale et al., 2004) and separation of populations in both time and space induces divergent otolith shape patterns (Messieh, 1972; Lombarte and Lleonart, 1993) . Consequently, otolith shape analyses can be a powerful tool for fish stock management purposes, and is already implemented in stock assessment for example for North Sea herring (ICES, 2013a) . The primary analytical tool used for spatial and 4 temporal discrimination of stocks and populations (e.g. Bolles and Cardinale et al., 2004 , Mérigot et al., 2007 has been based on the Fourier Series Shape Analysis (Bird et al. 1986 ), and has been applied for various species, such as cod and herring. For cod, most of the previous studies were designed to map the geographical distribution of populations and/or stock components in the Northwest Atlantic (Campana and Cassleman, 1993) , the Northeast Atlantic (Stransky et al., 2008) , Iceland (Jónsdottir et al., 2006; Petursdottir et al., 2006) , Scotland/Ireland (Galley et al., 2006) and the Baltic Sea (Paul et al., 2013) . The objectives of these studies were to evaluate the impact of genetic and/or environmental conditions on otolith shape and their usefulness as stock discrimination tool. Even though these studies found highly significant differences in otolith shape when comparing cod captured in their spawning areas, none of them have addressed the application of this approach for management purposes in an area with mixed stocks. In this study, the applicability of otolith shape analysis for the identification and estimation of stock proportions in management situations where biological populations mix (i.e. a mixed stock scenario) is examined using the example of Baltic Sea cod.
Cod are generally distributed throughout the Baltic Sea (Bagge et al., 1994) , and is assessed and managed as two distinct populations, one east of the island of Bornholm (ICES Subdivisions (SD) [25] [26] [27] [28] [29] [30] [31] [32] , the other from west of Bornholm to the Sound and the Danish Belts (ICES SDs 22-24) ( Fig.   1 ). The two populations differ with respect to morphometric characteristics as well as genetic variation (Bagge et al., 1994; Nielsen et al. 2003 Nielsen et al. , 2005 . However, as part of their seasonal cycle, adult cod, for example in the Arkona Basin (SD 24) undertake distinct and highly complex migrations, targeting specific feeding and spawning areas which may cross management and environmental boundaries (i.e. into SD 25) (Aro, 1989; Borrmann (1985) Berner, 1967; Otterlind, 1985 ) . Spawning migrations of cod tagged east of Bornholm (SD 25) to the Arkona Basin (SD 24) also occur (Aro, 1989; Nielsen et al., 2013) . These studies suggest that eastern and western 5 Baltic cod stocks co-occur in the Arkona Basin (SD 24) . Thus, interactions between populations in the western Baltic Sea are highly dynamic and provide a valuable scenario for assessing methods for stock discrimination under complex scenarios of relevance to fisheries management. The abundance of eastern Baltic cod in SD 25 has substantially increased in recent years (Eero et al., 2012a) , while that of the western Baltic cod in SD 22 is low (ICES, 2013b) . A relatively high abundance of cod currently found in SD 24, belonging to the management area of the western cod, is considered to be due to spill-over of the eastern cod (Eero et al. 2014; ICES, 2013b) . In order to be able to account for this stock mixing in fisheries management to avoid depletion of the cod of western origin, an efficient stock discrimination tool is needed.
The objective of this paper is to evaluate otolith shape as a methodology for stock discrimination in an area with potential mixing of two neighbouring stocks. This evaluation relies on validation through genetic assignment and includes a general evaluation of the traditional otolith shape analysis setup as well as an assessment of the impact that the selection of baseline samples has on the applicability of this method to the mixed stock. Since management does not need correct individual classification but rather relies on unbiased and precise estimates of proportions of each stock, classifications were statistically corrected to reflect the true underlying proportions and the conditions for optimal selection of baselines were analysed.
Materials and methods
The otolith shape based stock discrimination relies on the definition of stock-specific otolith shapes derived from baseline reference samples consisting of individuals known to belong to a specific stock. Otolith shapes as silhouette outlines from these baseline samples are extracted from digitised images using image processing techniques and parameterised through Elliptic Fourier Analysis 6 (EFA) to derive stock classification criteria by Linear Discriminant Analysis. In this study we used two different types of baselines, one based on the traditional "spawning stock" baseline (see section 2.1.) and one also including all genotyped individuals from the mixed stock area, the "combined" baseline (see section 2.2.). The performance of the two baselines was tested by comparison of otolith shape based classifications with genetically identified stock of origin in a mixed stock sample.
1. Samples for "spawning stock" baseline
For each stock, individuals were collected on the known spawning grounds during the spawning season in 2011 ( Fig. 1 ). For eastern Baltic cod the only spawning area with hydrographic conditions suitable for egg survival is the Bornholm Basin (SD 25), with a spawning season from May to September (peak spawning season June/July). The main spawning grounds of the western Baltic cod are the Kiel Bay and the Danish Straits (SD 22) where the main spawning season is restricted to March/April. In the Arkona Basin (SD 24), efforts were made to cover both the Eastern and Western stocks' main spawning season, but spawning individuals were only found in May/June and none in March/April. Samples were collected from scientific research cruises and from market sampling.
Each fish was identified with an individual number and standard biological data were collected (total length, sex, maturity stage). Only individuals with maturity stages 4 -6: "late spermatogenesis" to "spawning" (Tomkiewicz et al., 2003) were selected in order to ensure that the "true" spawning stocks within an area were selected. These samples are referred to as "spawning stock" baseline (Table 1, Fig. 2 ). As age estimation of the eastern Baltic cod stock is highly unreliable (Hüssy, 2010) , age information was not included in any of the analyses below.
Samples for "combined" baseline
The samples collected in SD 24 in June 2011 consisted of both spawning and non-spawning individuals, subsamples of which were also selected for genetic stock identification ( For each fish, a sample of fin-clip tissue was preserved in an Eppendorf vial filled with ethanol.
Otoliths were removed and stored in paper bags following standard procedures.
For genetic assignment, a panel of 39 single nucleotide polymorphism (SNP) markers identified to be particularly powerful for separating eastern (SD 25) and western (SD 22) Baltic Sea populations were used (see Nielsen et al. 2012 for concept). Genetic baselines were established based on spawning individuals of eastern and western Baltic cod captured on their respective spawning grounds in SD25 and 22. Each individual of the mixed stock in SD 24 was assigned to biological population (east or west) through a Bayesian approach (Rannala and Mountain 1997) implemented in the programme GeneClass (Piry et al. 2004 ). Of 754 genotyped individuals 746 individuals could unambiguously be assigned to either the eastern or western Baltic cod stock. Eight individuals had assignment probabilities of < 0.98 and were excluded from the dataset.
Together, these samples formed a baseline sample consisting of individuals from a broader size range and all areas under investigation. Consequently, this setup potentially includes a larger variation in otolith shapes within the two groups compared to the "spawning stock" baseline. Based on the finding that all spawning individuals in the western (SD22) and eastern (SD25) regions were genetically assigned to their population of origin, a "combined" baseline was constructed by merging the "spawning stock" baseline and all genotyped individuals to utilise the full baseline potential of all individuals with known stock affiliation.
3. Otolith contour capture
The otolith contours of all 3209 cod were captured. Otoliths were viewed under a Leica MZ12 microscope equipped with a circular reflected light source and a magnification of 15 µm·pixel -1 .
Images of otoliths were digitised with a Leica DFC290 camera and a standard setup (8 bit/channel, 2048 x 1536 pixel frame, 35 ms exposure). In order to standardise otolith orientation, all otoliths were placed with the sulcus facing up as pairs in the same position (left otolith on the left and the 8 rostrum towards the top of the image). Images were stored as JPG files. We used the MATLAB © "snake" contour finding function to localise the closed 2D curve minimising the curvature energy following the pixels identified as the border in the black and white transformed image using a calibrated light saturation level between the light otolith and the dark background. Thus the identified contours consisted of a sequence of x-and y-coordinates smoothly tracking the edge of each individual otolith (Haines and Crampton, 2000) .
Elliptic Fourier Descriptors (EFDs) were fit to the contours of each individual otolith. The coefficients were then made invariant to starting point, scale (length of major axis) and rotation. The standardised x-y coordinates are represented by:
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Where A i , B i , C i and D i are the standardised EFDs for frequency components i = 1, 2, …, 60, and A 1 = 1, B 1 =0 and C 1 =0 and omitted from any discrimination analysis. Further, T is the total length of the perimeter, x p is the x-coordinate of point p, y p is the y-coordinate of point p, and t p is the length of the perimeter from the starting point until point p defining the continuous contour as piecewise straight lines between succeeding contour points (Kuhl and Giardina, 1983) . The procedure was set to result in i = 60 harmonics.
Based on the predictor values of a few highly indicative EFDs, each otolith was identified as either right or left. Since there is no systematic difference between right and left otolith in cod (Cardinale et al., 2004) only the largest otolith of each pair was selected for the subsequent analyses to avoid bias induced by chipped edges. If the larger otolith happened to be the right otolith, the MATLAB routine involved flipping the image and recalculating the EFDs to result in left hand contours only. The
EFDs were for each of the two baselines ("spawning stock" and "combined") standardised in relation to fish length as the residuals of the linear relationship EFD i = a + b · L estimated for the entire dataset, and not a separate regression for each of the two stocks. Within group standardisation (i.e. Paul et al., 2013) was avoided since this method cannot be used on the mixed stock samples where individual stock affiliation is unknown for the test sample and individual stock specific residuals thus cannot be calculated. Balanced subsets were selected by stratified random sampling of the total baseline to select the most robust descriptors for classification. The subsets were stratified into four length groups with group length intervals set to ensure at least 10 individuals within each size group of the baseline sample ( 
4. Discriminant analysis
The Discriminant Analysis was carried out as two separate analyses, one with the "spawning stock" baseline and one with the "combined" baseline. To identify the descriptors with the highest discrimination power between stocks a forward-backwards stepwise Linear Discriminant Analysis (SAS PROC STEPWISE) was run 100 times on random subsets of the two baseline samples (Table   2 ) and the 21 overall most frequent descriptors were selected as a robust variable list for all further analyses.
In order to estimate each individual's probability of belonging to either of the two stocks, a series of 100 LDAs on randomised baseline subsets was subsequently carried out (SAS PROC DISCRIM).
PROC DISCRIM develops a classification criterion by using a measure of generalized squared (2)
An observation is classified into group u if setting S = u produces the largest value of | or the smallest value of , using flat priors for the two groups.
2. 5. Application to mixed stock "Spawning stock" baseline: The stock-specific discrimination functions based on the 21 descriptors with the highest discrimination power derived from the "spawning stock" baseline analyses were applied to the mixed stock otolith contours (SD 24).
A posterior probability for each otolith of belonging to either of the two stocks S (SD 22 or 25) was calculated using equation (2). From these probabilities the one with the highest value was selected as the individual's stock affiliation. Genotype and otolith shape based stock assignments were compared for all individuals captured in SD 24.
"Combined" baseline: The analyses based on the "combined" baseline were carried out by random selection of a subset of samples from the baseline as calibration sample ( In this case it is, however, possible to find an estimate of by e.g. least squares. In theory, if there is a high probability of misclassification, the correction procedure may yield a negative estimate. The negative estimate is then set to zero, and the other estimate is set to one. However, this was not the case with the present estimates.
The relative bias , of a given stock assignment S, may be estimated as the proportion of noncorrected assignment to corrected assignment minus one, 1
and vice versa for the compliment stock \ S.
Sustainable fisheries management relies on correct actions on relevant population units (Reiss et al. 2009 ). Assessment of mixed stocks requires unbiased estimates of stock proportions and the practical data management often relies on individual assignment to calculate proportions at different aggregation levels. To implement bias correction at this level, an individual based reassignment was therefore implemented where the individuals with the lowest stock classification probability, | (equation (2)) were moved to the complement stock before the subsequent estimation of population dynamics at any chosen aggregation level. In the cases where classification to stock S exhibited a positive , individuals were reassigned to the complement stock \ S, to yield a data set with unbiased stock proportions, calculating , , where , is the number of individuals from both stocks of length group L in year y. Stock assignment was then shifted for the individuals with the lowest ranked probability of affiliation to S, and the posterior assignment success was calculated for both stocks. 13 3. Results
Self-assignment success of "spawning stock" baseline
Traditionally, results of otolith shape based stock discrimination include the cross-validated classification success of the two samples. Most significant descriptors discriminating between the two stocks were otolith area, followed by EFD's from low-frequency harmonics where the significant EFD's occurring most frequently in the 100 runs were: D5, C5, D7, B2, X10, D4, D1, A13, B9 and C6. This indicates that the otolith shapes from the two stocks differ in the large scale shape characteristics, particularly the length -width relationship where otoliths from the western stock are wider and rounder than those from the eastern stock (Fig. 3 ). For comparison with other studies these results are shown in Table 3 . Owing to the large difference in size distribution of the spawning components between the two stocks, it was not possible to entirely remove the size effect through standardisation of the residuals and the size -balanced baseline. This problem is evident in the low classification success of the small size groups of the eastern stock and largest size group of the western stock. The low sample sizes of western cod in the smaller size groups is further reflected in the large bias.
2. Discrimination of mixed stock based on "spawning stock" baseline
Of the 746 genotyped individuals within SD 24 only 65 were western Baltic cod. The otolith shape based classification of the "spawning stock" baseline on the mixed stock samples from SD 24 was validated by comparison of otolith shape classifications with assigned genotypes of each individual.
The genetically validated classification results show a size-related trend in classification success, in particular for the western genotype, with only approximately 80% in the two size groups > 40 cm but 100 % in the smaller fish (Table 4 ). In the eastern genotype classification was generally lower, and 14 the size-related trend was reversed, with as little as 21 % successful classification in < 32 cm cod and only 87 % in the largest size group (Table 4) .
Discrimination of mixed stock based on "combined" baseline
Also in this approach, otolith area and EFDs from low-frequency harmonics indicate stock-specific otolith shape differences with respect to the otolith length -width relationship. The significant descriptors occurring most frequently in the 100 runs were: Otolith area, D7, D5, D3, D1, C8, C6, B3, C11, A4, A6, B4, C3, A11, C2, D12, C13 and B10. The genetically validated classification success based on the "combined" baseline was overall considerably higher than for the "spawning stock" baseline (Table 4 ). This improvement of classification success was particularly evident for the eastern stock, where values increased from 21 -87% for the "spawning stock" baseline to 75 -96 % when using the "combined" baseline. For western Baltic cod, the increase in classification success based on the "combined" baseline was somewhat smaller.
Bias decreased from 36 -965 % in the western stock to 0 -271% and from -9 --79 to 0 --24% in the eastern stock. Given the higher success rate and lower numbers of the western stock samples relative bias was generally positive and in absolute terms larger than for the eastern stock samples. Easter Baltic otoliths have thus a higher risk of being assigned as western Baltic cod than the opposite. The classification success for each cod based on the "combined" baseline is shown as a function of Canonical Discriminant value (averaged over 100 runs) in relation to fish size (Fig. 4) .
Bias correction was applied to yield unbiased stock proportions within length groups by reassigning stock membership for the required number of individuals within the classified stock that had a positive bias, thus for test purposes individuals were reassigned from the western to the eastern stock in all the three smallest length groups, whereas no individuals were reassigned for the largest length group where no bias was found. The otoliths with the lowest probabilities of individual stock affiliation were chosen to be reassigned and the posterior individual assignment success was calculated. After reassignment, classification success expectedly decreased for the western stock and increased for the eastern stock (Table 4) .
DISCUSSION
This study has documented the applicability of otolith shape characteristics to discriminate Baltic cod stocks collected in the spawning areas. We also identified significant challenges when applying the method in an area with highly complex spatio-temporal mixing dynamics. In the following we will address methodological issues and provide an evaluation of the approach's applicability to discriminate individuals in a mixed stock, as well as recommendations for the development of this approach to be able to use it on a routine basis for fisheries management purposes.
The otoliths of eastern Baltic cod were generally narrower in the dorso-ventral direction in relation to the anterior-posterior length than those of western Baltic cod. This seems to be an inherent trait of the two Baltic cod stocks already reported by Berner (1968) . Also other cod stocks can be discriminated based on their otolith's circularity and rectangularity (Begg and Brown, 2000; Bolles and Begg, 2000; Begg et al., 2001; Cardinale et al., 2004) . Differences seem mediated by growth rate, which seems to contribute more variation to regional differences in otolith shape than stock of origin (Campana and Casselman, 1993) . The "growth effect" is a well-known phenomenon in the otolith -fish growth dynamics and is manifested by slow growing fish having a larger otolith size than fast growing fish at similar fish size, because otoliths continue to grow even though the fish is starving or growing poorly (i.e. Mosegaard et al. 1988 , Reznick et al., 1989 Secor and Dean, 1989 ).
However, the growth effect's impact on otolith shape is not entirely clear. While slower growth entrains longer and wider otoliths in silver hake (Bolles and it leads to narrower otoliths in haddock (Begg and Brown, 2000) and Faroe Plateau cod (Cardinale et al., 2004) . Consequently, discrimination power between stocks increases with increasing differences in growth rate (Campana and Cassleman, 1993) . Growth rates of the eastern and western Baltic cod have historically differed considerably resulting in a mean size at age 4 of ca. 42 cm in the eastern and 64 cm in the western stock (Bagge et al., 1994) . These differences in growth rates may thus be the underlying mechanisms for the observed differences in otolith shape, where the challenges with stock classification of the mixed stock samples result from a complex interaction of environmental effects and genetic background on growth rates. The deteriorating somatic condition of eastern Baltic cod triggered by decreasing prey availability in recent years (Eero et al., 2012b; 2014) may even have exacerbated the difference in otolith shape between the two stocks (Cardinale et al., 2004) .
Another well-known phenomenon is the allometric nature of the otolith's length/height relationship in relation to fish size, where otoliths become wider with fish size within the same stock (Simoneau et al., 2000) including the Baltic cod (Berner, 1968) . Otolith shape variables are therefore generally standardised in order to correct for possible trends related to fish size (Bolles and Cardinale et al., 2004; Jónsdóttir et al., 2006; Tracey et al., 2006) . In the present study, this standardisation procedure was carried out using the slope of the entire sample and not the common within-group slopes for each sampling group separately as practised by Paul et al. (2013) . The latter approach is not applicable to unknown test samples such as our analysis of the mixed stock in SD24.
Further it may lead to an overly optimistic self-classification success of within-group standardised baseline categories, particularly if the samples' size distributions only overlap to a limited degree as in the present case. However, these standardization procedures are often not able to remove the size effect entirely (Campana and Casselman, 1993) , as also observed in this study. In order to avoid size related bias in classification, a balanced size-stratified baseline selection is necessary to amend for that shortcoming.
The baseline sample has traditionally consisted of spawning individuals, based on the assumption of natal homing for spawning (i.e. Campana and Cassleman, 1993; Begg and Brown, 2000; Galley et al., 2006; Jónsdóttir et al., 2006) . Our finding of high self-classification success of spawning individuals collected at spawning sites align with findings from earlier studies (Paul et al. 2013) . But this procedure neglects to incorporate otolith shapes of smaller and immature individuals. The present study documented that the traditional method of using a "spawning baseline" is challenged when applied on mixed stock samples. Overall, eastern cod had a higher risk of being classified as western cod than the opposite. Furthermore, a strong size trend in classification success with low classification success in small eastern and large western cod was observed. This misclassification pattern is to some degree attributable to the fact that mature western cod are generally larger than eastern cod, with an under-representation of western cod in the small size classes. But it is primarily due to the fact that the "spawning baseline" does not cover the entire size range, thereby neglecting to incorporate an ontogenetic change in otolith shape (Bird et al., 1986) . The size-related bias in classification success was alleviated when the stock discrimination analysis was based on the "combined" baseline, which incorporates smaller size classes, and eastern Baltic cod were correctly classified to a higher degree. The "combined" baseline is therefore better suited than the "spawning baseline" for stock identification of individuals in a mixed stock sample.
The genetically validated stock discrimination based on otolith shape analysis has demonstrated that for this approach to be applicable to discriminate between stocks in a mixed stock area, careful consideration should be paid to possible bias introduced by the methodology. Even though a genetically based stock discrimination may be the optimal, this option may not be available or economically feasible for all stocks and areas with mixed stocks. In such a case, a combined genetics -otolith shape approach should be applied. In order for this combined method to be applied for stock assessment purposes we recommend that the following issues should be addressed:
Validation of classifications:
This study has highlighted the need for rigorous genetic validation of the classification results when applying otolith shape analysis to identify the stock origin of individuals within a mixed stock sample.
Baseline sample:
A combination of spawning stock baseline, supplemented with genotyped individuals encompassing all size and age groups should be used to alleviate size related bias on otolith shape.
Standardisation of Discriminant analysis:
Length-based standardisation using a common regression slope and separate size groups should be used if standardisation fails to remove all size effects.
Correction for bias:
To achieve unbiased proportions for population modelling the underlying true stock affiliation from the genotyping should be applied to correct bias where the required proportion of individuals with low classification probability should be reassigned.
Temporal stability in otolith shape:
The present results are based on samples collected within a single year. As year-class effects on otolith shape are known to occur (Castonguay et al., 1991; Campana and Casselman, 1993; Bolles and Begg, 2000) the temporal stability of otolith shape in the baseline samples needs to be examined through genetic assignment of archived otoliths.
6. Temporal dynamics in otolith shape transition: To date, no information exists on how quickly otolith shape adapts to migration induced changes in environmental conditions. A suite of techniques to achieve this knowledge is available, including "Common garden" experiments, mark-recaptures of wild fish and analysis of otolith microchemistry to identify migration dynamics. 
